Background. Although thrombosis associated with a fissured atherosclerotic plaque is believed to be the most common cause of acute coronary syndromes, the underlying factors that trigger plaque rupture are currently unknown. However, the mechanical behavior of the plaque is probably of critical importance.
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Methods and Results. To test the hypothesis that the mechanical properties of a plaque are dependent on its composition and, in particular, that the stiffness of fibrous caps changes within the range of frequencies carried by a physiological pressure wave, the stress-strain relation was studied in 27 fibrous caps and related to the underlying histological structure of the fibrous cap. Fibrous caps were obtained during 14 autopsies from the abdominal aorta and were classified by histological examination as cellular (n=7), hypocellular (n=9), or calcified (n=11). Hypocellular fibrous caps were 1-2 times stiffer than cellular caps (p<0.005), and calcified caps were 4-5 times stiffer than cellular caps (p<0.005). All 27 fibrous caps demonstrated an increase in stiffness with increasing frequencies of stress ranging from 0.05 to 10 Hz; the increase in stiffness was similar in all three histological classes.
Conclusions. We conclude that the stiffness of fibrous caps from human atherosclerotic plaques is related to the underlying histological structure and that the stiffness increases with frequency in the range of physiological heart rates. The protective benefit of /3-adrenergic receptor blocking agents in coronary artery disease may, in part, be related to Understanding the distribution of mechanical stress in an atherosclerotic plaque is an important prerequisite to understanding plaque rupture. The stresses within the plaque are determined by the complex mechanical properties and variable mixture of plaque components. Recent studies that correlated pathological data with mathematical modeling suggest that the stiffness of the components of the plaque is an important determinant of the stress distribution and propensity toward fissuring of atherosclerotic plaques.8'9 However, detailed measurements of the mechanical properties of plaques have not been performed. The stiffness of many biological materials varies under conditions in which stress or strain varies with time, such as during a changing heart rate. The dynamic nature of these mechanical properties is of particular interest because ,B-adrenergic receptor blocking agents, which prevent surges in heart rate, may decrease the incidence of plaque rupture. 7 This study was designed to examine the relation between the mechanical properties of fi-brous caps from human atherosclerotic plaques and the underlying histological appearance by light microscopy and to examine the dynamic nature of these properties in the range of frequencies carried by a pressure wave at physiological heart rates. Figure 2 ); this testing protocol is similar to that used to test the dynamic compression properties of other tissues. 10 The load cell and actuator displacement signals were continuously fed to a microcomputer system, which computed the amplitude and phase of the fundamental and the next three higher harmonics of each signal by means of a digital Fourier transform routine; the details of this data acquisition and analysis procedure have been described previously.10 Because the steel platen and actuator base are much stiffer than the specimens, the strains of the testing apparatus are assumed to be negligible. The nominal resolution of the load transducer and the displacement transducer was less than 1.0 g and 0.05 gm, respectively. The amplitude of the complex dynamic stiffness was defined and computed as the ratio of the stress to the displacement fundamental that was normalized to the specimen thickness, which was measured at the end of the experiment with the spectrometer. The thickness of the specimens was 1.1±0.2 mm. For all specimens, mechanical testing was completed within 4 hours of harvesting the sample.
Methods
Specimens for histological study were conventionally embedded in paraffin, cut in cross-section at 5-6 ,um, and stained with hematoxylin and eosin for overall morphological analysis, Voerhoeff-van Giessen's stain (for elastin analysis), Masson's trichrome stain (for collagen analysis), and von Kossa's reagent (for calcium phosphate analysis). Specimens were prospectively classified as cellular, hypocellular, or calcified in a manner similar to that used by Kragel et al"l by a pathologist (F.J.S.) who had no knowledge of the results of the mechanical testing ( Figure 3 Figure 4 . There was a highly significant relation between the mechanical properties of the fibrouis cap as measured by dynamic stiffness and the composition as described by histological class ( Discussion Recent studies suggest that the natural history of human atherosclerotic plaques follows two distinct stages; first, a time-dependent gradual narrowing of the lumen, and second, an acutely unstable period that may lead to thrombosis and an unstable coronary syndrome.12-'5 Although ruptured plaques may also be found incidentally in persons dying from noncoronary diseases, up to 95% of patients dying suddenly from ischemic heart disease will have one or more ruptured plaques.'6 Plaque rupture is frequently followed by mural or occlusive luminal thrombosis or embolization, leading to myocardial ischemia.
Although Constantinides,17 in 1966 , proposed that fissuring of coronary artery plaques leads to thrombosis and myocardial infarction, the mechanism of plaque rupture remains unclear. Recent clinical studies confirming a circadian variation in a number of acute cardiovascular syndromes suggest that the transition from a stable to unstable coronary syndrome is not a random process. A number of pathophysiological mechanisms may be related to this circadian variation. Platelet aggregability is increased and various components of the clotting system are more active in the morning, when acute cardiovascular syndromes are more common.18-21 In addition, there are morning troughs in the activity of the intrinsic fibrinolytic system.22,23 Thus, plaque rupture may actually be a random event, and the circadian variation may be related to the responses of the finely tuned balance between thrombosis and thrombolysis.
However, because sympathetic adrenergic activity also increases in the morning, leading to a surge in systolic and diastolic blood pressures and heart rate, mechanical factors may influence plaque rupture. 7 The hypothesis that increases in heart rate predispose the plaque to rupture is indirectly supported by many studies demonstrating a protective benefit of ,B-adrenergic receptor blocking agents against myocardial infarction and sudden death. In the Multi- By analysis of variance, the effects of histological class (p=O.OOl) and frequency (p=O.OOO1) are both highly significant. recently reported that an increased heart rate was independently predictive of postinfarction mortality.
Mechanical Properties of Plaques
An understanding of plaque rupture will ultimately require an understanding of the mechanical properties of human atheromatous tissue. In this study, we describe the relation of histological structure to uniaxial unconfined compressive dynamic stiffness in fibrous caps from human atherosclerotic plaques. Hypocellular fibrous caps were approximately 1-2 times stiffer than cellular caps, and calcified caps were 4-5 times stiffer than cellular caps. The specimen-to-specimen variation in stiffness was much greater for calcified plaques, probably because of differing degrees of calcification throughout the specimen. In all 27 specimens, the dynamic stiffness increased throughout a range of frequencies similar to the frequencies contained in a pressure wave at physiological heart rates.
When a material is perfectly elastic and isotropic, its stiffness may be described in general by two moduli of elasticity (Young's modulus and Poisson's ratio) that will not vary with the frequency of stress or strain. However, biological materials are heterogeneous, have a high water content, and are not perfectly elastic.28 The frequency-dependent increase in stiffness of fibrous caps observed in this study is a reflection of the "viscoelastic" and "poroelastic" natures of these materials. The frequency-dependent stiffness of fibrous caps is particularly interesting because previous studies have demonstrated that the stiffness of normal vessel walls is relatively constant at frequencies higher than 1-2 Hz.29 '30 Although an increase in stiffness amplitude would make the fibrous cap more resistant to deformation, this change in stiffness may lead to important shifts in stress distribution within the plaque. When one part of a structure becomes stiffer than other parts, regions of stress concentration develop. For example, Richardson et al found that stress was concentrated near the edge of the fibrous cap when the cap was five times stiffer than the normal vessel wall.8 Therefore, an increase in stiffness in the fibrous cap caused by a surge in heart rate may lead to a further increase in stress near the junction of the cap with the more normal intima, where plaque fissuring often occurs.
The relation of this small increase in stiffness to the clinical protection provided by 18-adrenergic receptor blockade remains hypothetical. The prevention of cardiac events among the small, but statistically significant, subset of patients treated by ,B-adrenergic receptor blocking agents may also be due to antiarrhythmic effects, the reduction in myocardial oxygen demand, or the reduction of other stresses on the plaque such as turbulence or shear stresses. Clearly, increases in heart rate and cardiac output alone do not cause plaque rupture because cardiac events induced by exercise testing are rare. However, frequency-dependent properties of plaque components could change the probability of plaque In clarifying the mechanisms that lead to plaque fracture, it is a prerequisite that the nature of the distribution of stress in the plaque be understood. Given accurate mechanical testing data, estimation of these stresses is now possible with computer modeling under certain assumptions.8 This study reports dynamic parameters that will be essential to the task of understanding the mechanical behavior of atherosclerotic plaques. With recent developments in intravascular ultrasonography, the stress distribution in the atherosclerotic lesion may be estimated in vivo if ultrasonic tissue appearance corresponds to mechanical behavior.34 Ultimately, this approach may be more useful than routine angiography in predicting which plaques are most susceptible to future rupture and may also provide insight into how interventions change the natural history of acute cardiovascular syndromes.
